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http://dx.doi.org/10.1016/j.jds.2013.0Abstract Background/purpose: This study evaluated the fracture resistance of different
metal substructure designs for implant-supported porcelain-fused-to-metal (PFM) crowns.
Materials and methods: Eighteen PFM crowns were fabricated using different metal substruc-
ture designs and were conventionally cemented on an implant abutment analog. The crowns
were divided according to the metal substructure design for manufacturing the metal frame-
work into three groups of six specimens each: Group A had a minimum required thickness;
Group B had a conventional design; and Group C had a wrinkled design. After applying a load
of 200 N at a frequency of 2 Hz with 300,000 cycles of dynamic loading, all specimens were
tested for fracture resistance using compression loading on the buccal functional cusp.
Results: Among these three groups, Groups A and B, respectively, had the minimum and
maximum fracture resistance strengths. Respective data for Groups A, B, and C were
111.13  27.15 kg, 236.13  39.21 kg, and 188.63  12.10 kg. Statistically significant differ-
ences were observed among the three groups (P < 0.05).
Conclusion: These results confirm that the conventional design had the best fracture resis-
tance, and an excessively thick porcelain layer can cause crown fracture. However, there
was no obvious proof that the wrinkled design had better fracture resistance than thet of Dentistry, Kaohsiung Medical University Hospital, 100 Shih-Chen 1st Road, Kaohsiung 80708,
inet.net (J.-K. Du).
iation for Dental Sciences of the Republic of China. Published by Elsevier Taiwan LLC. All rights reserved.
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tooth in that it lacks support and
undue movement.conventional design. Therefore, the theory that PFM can provide better support requires
further corroboration.
Copyright ª 2013, Association for Dental Sciences of the Republic of China. Published by Else-
vier Taiwan LLC. All rights reserved.Introduction
Dental implantology has been developing vigorously since
Bra˚nemark used titanium for osseointegration in 1965.1
Pjetursson’s prognosis follow-up reports (at 5 and 10
years) demonstrated that the survival rates of implant-
supported and tooth-supported fixed prostheses were
similar. However, the most common technical complication
of implant-supported reconstruction is fracture of the
veneer material.2 One of the reasons for this is the
discrepancy in size between the implant diameter and a
normal tooth (Fig. 1). Once a tooth is lost, the width of the
tooth socket changes due to alveolar bone resorption and
the implant diameter is always smaller than the changes
observed when normal tooth replacement occurs. Some
ceramic parts of a normal-sized crown lack support when
subjected to an occlusal force, and this force can create aof the implant and normal
the cusp can easily causelever arm or cantilever, which amplifies the load on the
crown components. In addition, minimization of the metal
part in dental metal/ceramic restorations improves the
esthetic appearance. Although a thicker porcelain layer is
better for esthetic considerations, clinical findings indicate
that porcelain lacking metal support can result in fracture.
The bonding of porcelain to metal occurs via van der
Waals forces, mechanical interlocking between the two
materials, chemical bonds between the porcelain and
metal oxide layer, and the compressive force caused by the
slightly different thermal expansion coefficients of porce-
lain and metal.3 Several scholars recommended various
means to reinforce porcelain, such as ion exchange, in
which the sodium ions of porcelain are replaced with po-
tassium ions, which improves the bonding of porcelain to
metal, to enhance surface compressive strength. Alterna-
tively, leucite or other materials can be used for
reinforcement.4
The design of the metal substructure is an important
factor for enhancing metal support of porcelain. An
improper design, such as a sharp surface, will cause
improper tensile stresses on part of the porcelain during the
molding process. This can cause stress concentrations, and
the small surface area creates a smaller bonding area and
thus a weaker bond between the porcelain and metal,
resulting in porcelain fracture failure.5,6 Sharp edges can be
avoided if the occlusal contact is not at the junction of the
porcelain and metal. Most importantly, the porcelain
thickness must be moderately and evenly distributed at
1.5w2 mm.7 The design of the metal substructure must
consider both esthetic demands and maintenance of suffi-
cient strength. Scholars recommend various designs of the
metal substructure, including raising the metal margin to
the proximal surface,8,9 extending the metal frame shelf,
and utilizing a large, smooth, concave surface.10,11 Salva-
tore suggested a wrinkled design concept in 2002.12 In this
design, emphasis was placed on the presence of several
grooves in the surface to separate the two sintering cen-
ters, which results in more evenly distributed compression
to the porcelain. The frames of the grooves are used to
support the porcelain, and the frames must be a wrinkled,
arch-shaped structure that can enhance the loading ca-
pacity when subjected to an occlusal force. However, only
Chen used a finite element stress analysis to study the
distribution of compressive strength of the porcelain and
metal substructure of the wrinkled design.13 There has
been no additional corroboration.
Consequently, the purpose of this study was to examine
different designs of the metal substructure for porcelain-
fused-to-metal (PFM) crowns. This research investigated
the fracture resistance after cyclic loading and compared
the support effect of the conventional design with the
wrinkled design. From this evaluation, the study provides
information on manufacturing a PFM crown.
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This research utilized an analog (laboratory analog one-
piece b/1.5/4.0, Ankylos, Mannheim, Germany) dental
implant, using a dental die stone for spatulation and
investing, with the proper water-powder ratio according to
the manufacturer’s instructions. A parallelometer (Amann
Girrbach GmbH, Germany) was used to make the long axis
of the analog perpendicular to the horizontal plane and
invested to the exact level of the crest height.
The crown outline form was set up according to the size
(Table 1) and characteristic marks of the mandibular first
molar (Fig. 2) from the fixed analog. Silicone bite registra-
tion material (Futar D, Roydent Dental Products, Johnson
City, TN, USA) and dental pattern resin (DuraLay, Reliance
Dental Manufacturing, Worth, IL, USA) were used to dupli-
cate the resin pattern. Three different groups of metal
substructures were designed to duplicate the resin pattern.
Each group had six samples, and the three different designs
were as follows (Fig. 3): Group A had a minimum required
thickness design, and the resin was cut until 0.5 mm of the
pattern was left; Group B had a conventional design, and a
cutback technique was used to cut 1.5 mm off the crown
outline, leaving a thickness of 1.5 mm for porcelain
veneering; and Group C had a wrinkled design. This study
adopted the wrinkled design in which a duplicate of the
pattern for Group B was used. A 2 mm diameter, round
dental bur was used to carve a 2 mm diameter concave
groove at 0.1e0.5 mm in depth, and a 0.5 mm holder near
the mesiodistal and buccolingual sides. The groove looked
like a wavy curve that was parallel to the occlusal plane.
Resin pattern casting based on a routine technical lab-
oratory was used for the investing and casting procedures.
Casting used a dental porcelain-fused alloy, a low-gold
alloy, and a white ceramic alloy (Ivoclar Vivadent, Schaan,
Liechtenstein, with a composition of 54% Au, 26.4% Pd,
15.5% Ag, 2.5% Sn, and 1.5% In).
After fitting, the copings of all groups were veneered
using veneering ceramic (VMK 95, VITA Zahnfabrik, Bad
Sa¨ckingen, Germany), according to procedures recom-
mended by the manufacturer. A dental silicone index
(Panasil Putty Regular, Roydent Dental Products, Johnson
City, TN/USA) was used to check the outline form before
glazing to reconfirm the external form. All PFM crowns were
then placed on the implant analog abutment using dental
temporal cement (HY-Bond, Shofu, Kyoto, Japan) by
applying finger pressure for 5 minutes.
All specimens in each group were exposed to 300,000
cycles of mechanical fatigue in a mastication simulator
(Fig. 4). Using a 2 mm diameter stainless steel ball, a load
was applied vertically to the distobuccal cusp tip of the
crowns at a frequency of 2 Hz. A loading force of 200 N wasTable 1 Size of the mandibular first molar in this study.
Cervico-occlusal
length of the
crown
Mesiodistal
diameter
of the crown
Mesiod
of the
the cer
Dimensions
(mm)
7 10 8.5selected to simulate a load within the clinical range. All
specimens were compressively loaded in a universal testing
machine (HT2402BI, HonTa, Taichung, Taiwan) with force
application perpendicular to the occlusal surface and a
crosshead speed of 1 mm/minute. The loading head was
centrally positioned over the distobuccal cusp of the PFM
crown, and 1 mm thick tin foil (Dentaurum, Ispringen,
Pforzheim, Germany) was placed between the loading head
and crown to achieve a homogenous stress distribution. The
load required to fracture the specimen was recorded using
displacement/load plotting software.
Results of the load-to-fracture test were recorded. A one-
way analysis of variance (ANOVA) followed by Tukey’s mul-
tiple comparisons test was performed to test for differences
in fracture resistance values with a global significance level
of 0.05 (Table 2). Cracks and indentations in the fracture
surfacewere observedunder a lightmicroscopeand scanning
electron microscope (SEM; JSM-6360, Jeol, Tokyo, Japan).Results
Chipping of the veneer ceramic or decementation of the
crowns was not observed after all specimens were subjected
to 300,000 cycles of dynamic loading. The highest mean
fracture resistance value was observed in Group B
(236.13 39.21 kg) followed by Group C (188.63 12.10 kg);
and Group A had the lowest value (111.13  27.15 kg). Sta-
tistically significant differences were found for the fracture
resistancecomparisonbetweengroupsBandC (P<0.05), and
highly significant differences were found when Group A was
compared to Groups B or C (P < 0.01) (Fig. 5).
The failure mode varied for the different substructure
designs, as shown in Table 3. Fracture of PFM crowns pre-
dominantly occurred at the alloy-oxide interface or partial
combination thereof, and fracture of only two Group A
samples occurred within the ceramic layer.
Undera lightmicroscope (magnification,50), the fracture
surfaces of all groupswere visualized as step-like crack lines in
the vertical plane of the stress direction. SEM micrographs
showing the microstructures of fatigue cracks are shown in
Figs. 6e8. This study observed many step-like crack lines
vertical to the stress direction and shorter vertical crack lines.
Thesetwotypesof linesdisplayedan interlacingphenomenon.Discussion
According to Shillingburg et al,14 inadequate rigidity of the
edge of the metal design will cause deformation during the
ceramic/porcelain sintering process. Therefore, it was
necessary to enhance the edge using the same standards inistal diameter
crown at
vix
Buccolingual
diameter
of the crown
Buccolingual diameter
of the crown at the
cervix
10 8.5
Figure 2 First molar crown outline, buccal view, and other views.
Figure 3 Illustration of the different metal substructure designs. (A) Group A, minimum required thickness design; (B) Group B,
conventional design; (C) Group C, wrinkled design.
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Figure 4 Mastication fatigue simulator. A full view of the machinery is shown on the left, and a close-up of the knocking position
is shown in the upper right inset.
318 C.-H. Wang et althese three group designs to eliminate the test effect from
deformation of the edge of the metal.
Salvatore emphasized that the use of different grooves
in the surface to separate the sintering center imparts
higher compressive stress to the porcelain,12 which is
consistent with the wrinkled design. The frames of the
grooves should be used to support the porcelain and should
be in a wrinkled arch-shaped structure, which can enhance
the carrying capacity when occlusal forces are applied.
However, a curvature radius that is very small can lead to
an abrupt corner becoming concave, resulting in porcelain
shrinkage during the sintering process and bonding failure.
Salvatore therefore suggested that the corner of the metal
structure should have a minimum curvature diameter of
2 mm based on the reinforced porcelain system (RPS)
design concept of Shoher. According to the RPS, the coping
frame must be 0.5 mm thick and should extend at least
0.1 mm, with an ideal length of 0.2e0.5 mm.9e11 Thus, the
wrinkled design of this experiment set the groove concave
curvature diameter at 2 mm, and the depth was the coping
frame height of both sides. The groove that appeared as a
wavy curve parallel to the occlusal plane is depicted in
Fig. 3C.
Obvious differences in the fracture resistance of the
porcelain of the three metal substructure designs wereTable 2 One-way ANOVA results.
d.f. Sum of
squares
Mean
square
F ratio Source Probability
> F
2 47,776.35 23,888.2 29.6021 Type of
error
<0.0001***
15 12,104.63 807.0
17 59,880.98 C. Total
d.f. Z degrees of freedom.observed after the fatigue impact of mastication simula-
tion. A lack of rigidity was observed in two Group A samples
in which the metal offered inadequate support to the
porcelain. Before complete fracture of the porcelain, the
metal part exhibited obvious deformation, which caused
the fracture. This result validates the notion that a mini-
mum metal thickness of 0.5 mm has the lowest demand and
is not an ideal thickness. Surprisingly, the conventional
design group (Group B) displayed the maximum fracture
resistance. The fracture surface showed the metal sub-
structure of the buccolingual surface. The SEM micrographs
revealed that the exposed surface of the metal retained
some porcelain, indicating that the fracture occurred in the
substructure of the porcelain. This result verifies that the
bonding of the metal and porcelain provides adequate
fracture resistance. Thus, the metal substructure design of
the conventional design effectively supported the porcelain
in our experiment.Figure 5 Comparison of the maximum fracture resistance
strength for the three different substructure designs.
* P < 0.05, ** P < 0.01.
Table 3 Fracture patterns of the three different sub-
structure designs (n Z 6).
Group Metal
exposure
Partial metal
exposure
Ceramic layer
fracture
A 4 d 2
B 6 d d
C d 6 d
Figure 7 Fracture surface by SEM (100) observation of a
Group B sample. Arrows show the step-like horizontal fracture
lines.
Metal substructure design for PFM crowns 319We observed obvious disparities in fracture resistance
between Groups C and B. Although the metal surface area
of Group C was larger than that of Group B and therefore
should have had stronger metal and porcelain bonding,
Group C did not exhibit greater strength than Group B in the
fracture resistance strength test. Examination of the frac-
ture surface revealed that the metal was exposed only at
the top of the metal frame, and this was presumably due to
undulations in the metal frame height and the shallow
groove of the structure. The load distribution was uneven
on the metal surface during the fracture resistance
strength test that was centralized on the top of the metal
frame. The porcelain on the groove line did not lose
bonding when the top porcelain layer came off. This sug-
gests that porcelain shrinkage during the sintering process
and bonding failure did not occur on the curvature of the
concave surface (with a 2 mm diameter) of the metal. In
addition, the porcelain had better support when a protec-
tive force was applied. In this experiment, the design did
not obviously enhance the support of the upper layer;
therefore, whether the experimental design should select
and adopt a concave surface of the metal with a larger
curvature radius and fewer or shorter coping frames to
enhance the support of a larger porcelain area requires
verification.
The fracture resistance strength observed in this study
was slightly higher than that previously reported.15e19 This
is presumably because those studies adopted the cylinder
size of a small molar instead of that of a large molar. A
larger size provides a larger metal and porcelain bonding
surface area, which would be expected to increase the
fracture resistance strength.Figure 6 Fracture surface by SEM (100) observation of a
Group A sample. Arrows show the step-like horizontal fracture
lines.In the pre-study phase of this experiment, we used 200 N
in a masticatory simulation load cycle of more than 107
times. However, a strong light examination after this load
cycle revealed that the samples had no obvious fractures or
cracks. Therefore, given the limitation of resources and
through similar experimentation, we used the maximum
strength of fracture resistance to devise a different
comparative design after fatigue simulation. This experi-
ment used a sample without a fatigue simulation test
(Group B) that directly proceeded to the fracture resis-
tance compression test, and the results were observed
under SEM (Fig. 9). The fracture surface differed from that
subjected to the fatigue simulation test. The sample not
subjected to the fatigue simulation test displayed an un-
even fracture surface edge with irregular parallel fracture
lines, but the fracture surface was straight and smooth
under the fracture surface edge. In contrast, the sample
subjected to the fatigue simulation test displayed fine,
delicate fracture surface edges with step-like horizontal
crack lines. The samples not subjected to the fatigue
simulation test had long, straight vertical crack linesFigure 8 Fracture surface by SEM (100) observation of a
Group C sample. Arrows show the step-like horizontal fracture
lines.
Figure 9 Observation under SEM (110) of a Group B sample:
direct test of the fracture resistance strength without the fa-
tigue simulation test. Arrows show the long and straight ver-
tical crack lines.
320 C.-H. Wang et alwithout obvious step-like horizontal crack lines or an
interlacing with other directional crack lines. The step-like
horizontal crack lines and long, straight vertical crack lines
were often interlaced in the fatigue simulation test sam-
ples. This suggests that fatigue always initiated from
microcracks, and latent destruction actually remained,
although it was difficult to detect damage by appearance
alone after the fatigue simulation test.
In general, gradual enhancement of the loading force
provides tension that first results in cracks that initiate
from Hertzian cone cracks (unless the inside of the porce-
lain has obvious bubbles or other defects) followed by the
occurrence of outer cone cracks, and finally, radial cracks
appear when the bonding of the metal substructure begins
to break after deformation from the force.20 Results of this
study under SEM examination of the samples not subjected
to the fatigue simulation test were similar to the results
described above. There were several long, straight, vertical
crack lines near the pressure-receiving point, and the end
lines were slightly spread out.
However, fracture surfaces of samples subjected to the
fatigue simulation test were not similar. Although step-like
horizontal fracture lines were very obvious, there were few
evident vertical crack lines, and those that were evident
were interlaced with step-like fracture lines. It is generally
believed that crack growth is the main factor that causes
porcelain fracture. The mechanism by which crack devel-
opment changes and affects the fracture resistance
strength in a condition of porcelain material fatigue re-
quires further study.
This experiment demonstrated that the conventional
design hadmaximum fracture resistance. Therewere evident
variations between the wrinkled and conventional designs.
Comparing samples subjected and not subjected to the fa-
tigue simulation test under SEM observation provided obvious
evidence of porcelain fracturedamage. Thedrawbacks of the
minimum required thickness design were a too-thick porce-
lain layer, lack of metal support capability, and ineffective
fracture resistance strength. Moreover, two samplesexhibitedmetal deformationandporcelain layer fracturedue
to inadequate rigidity.
The present experiment did not achieve ideal results
with the wrinkled design. It is not known whether increasing
the curvature radius of the concave, shortening the height
of the support frame, or reducing the wrinkle number of the
support frame would result in a more-desirable outcome,
which would be a subject worth investigating further.References
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